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INTRODUCTION 
1 The study of the all-aromatic polybenzimidazoles by Vogel and Marvel 
opened the way t o  a number of other polymers based on aromatic-heterocyclic 
condensation reactions, 
of s t a b i l i t y  t o  thermal energy. 
research in to  the aromatic-heterocyclic polymers has been t h e  confidence of 
polymer chemists t ha t  the "ladder" o r  two-strand polymer s t ructures  would 
show signif icant  improvement i n  t h t t r m a l  s t ab i l i t y ,  
polymers which approaches t h i s  goal of a "ladder" s t ructure  i s  tha t  cl.ass 
derived from the  reaction of aromatic ortho-tetrancids and ortho-tetramines , 
An example is  afforded by the product obtained by reacting pyromellitic 
dianhydride (PMDA) with 3,3'-diaminohenzidine (DAB) : 
Most of these ?olymers have shown remarkable levels  
'The cent ra l  theme which has directed 
One of the  most recent 
PMDA DBB PMDA- DAB 
Th i s  c lass  of polymers, which w e  hew! i-eferred t o  as polyimiduao- 
pyrrolones (o r  simply Pyrrones), tln,s been thc !  subject of research by 
several groups 2,3,4,5, 
unusual properties of t h e  Pyrrones for possible u t i l i za t ion  i n  current and 
future aerospace applications 
This paper describes our investigation in to  t h e  
EXPE:RIMENTAL 
The polyimidazopyrrolones described i n  this paper were prepa.red using 
pyromellitic dianhydride (PMDA) and 3,5 '  ,b ,4'- 
Four tetraamines were 
3,3'-diaminobenzidine ( D A B ) ,  
two aromatic dianhydrides: 
benzophenone tetracarboxylic dianhydri.de (R!CDA) , 
polymerized with each of the two anhydrides: 
3,3' ,4,4'-tetraminodiphenyl ether (TADPQ), 3,3' ,4,4'-tetraaminadi.phe-yl 
methane (TADPM) and 3,3' ,4,4'-tetraaminobenzophenone (TABP). The Li.cliy- 
drides and DAB were obtained commercially, while the  TADPO, TAUPM, and TABP 
were synthesized by d in i t ra t ion  of the corresponding 4 ,h'-diamines, followed 
by reduction o f h h e  n i t r o  groups, 
Three methods were used fo r  preparatiowof t h e  polyimidazopyrrolones , 
Procedure A,  which involved the reaction of t h e  dianhydride w i t h  the  f ree  
tetraamine at room temperature, w a s  the  most frequently used technique . 
T h i s  reaction was generally carried out i n  a Waring Blendor by adding a 
solution of the dianhydride i n  amide-type solvents t o  a solution of the 
tetraamine w i t h  rapid s t i r r ing .  
amount of dianhydride was added at one t i m e ,  while the remainder was added 
carefully i n  a dropwise manner, 
and solvents was high, as l i t t l e  as one percent excess of dianhydride w a s  
required t o  reach the highest possible viscosity, n i n t ,  
gel la t ion occurred. This i n i t i a l  reaction resulted n a polyamide contain- 
ing unreacted carboxyl and amino groups (I)., 
Approximately 95% of t h e  stoichiometric 
If the  purity of the  s ta r t ing  materials 
1.5, before 
This polyamide stage was 
useful f o r  fe.'azaieai;Lon pwposes s ince  it wzs the only  noint a t  wh ich  t h e  
polymer was soluble ,  Films wc-e o'otlzi,ned by so lven t - cap ing  the  po1yn:er 
so3utioi1s o3to g las s  p la tes ,  The film were then dried "Ffi air  ovens 8.t 
125'C for O ; I ~  hour, 200' for  one hour c~nd 300' for  one h%ur. 
j treatment converted the ini';ial golymtide through the  arnh$a-substitu"ued 
' polyimide (TI) grid thence t o  the  fused Zmidozopyrrolone s t ruc tu re  ( III) + 
J 
! 
' ' u t i l i z e d  the  t e t r a m i n e  tetrahydrochloride s a l t  and a t e r t i a r y  m i n e  as 
' an ac id  acceptorr  
'some of which oxidize extremely rapidly as the  f r e e  base, and secondly, 
, t h e  reac t ion  of t h e  anhydrides with the  hydrochloride salts was much slower 
' than t h e  f r ee  amine, thus permitt ing bet ter  reac t ion  c o n t r o l * ,  The experi- 
mental procedure w a s  e s sen t i a l ly  the same 86 procedure A ,  except f o r  t h e  
: addi t ion of pyridine and t h e  slower reac t ion  t i m e ,  
I were examined, 'they appeared t o  be e s sen t i a l ly  t h e  same as those prepared 
! away during the  thermal conversion s ince elemental analysis  of the  polymers 
T h i s  thermal 
A second method, procedure 3, was a modification of 'prdcedure A which 
Two advantages were rea l ized  by using the hydrochloride 
der ivat ives:  first,  it was a coxkenient way t o  u t i l i z e  the t e t r a m i n e s ,  
Insofar  as the polymers 
by procedure A, 
disclosed that no chlor ide was present* 
It is  l i k e l y  t h a t  t he  pyridine hydrochloride was sublimed 
i 
i '  
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Th@ t h i r d  procedura ( e )  for preparing poly3.rnidazopyrrolones involved 
the reaction of' 2 5-ai@arbomoLho~ytei~ephthzloyL chloride (p-PfDC 1 with t he  
te-tramhe tetrahydrochloride salts using ~ ~ ~ e ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ a ~  as the solvent 
However, t h e  use of a t e r t i a r y  m i n e  was not  e s s e n t i a l  3 
t o  proceed t o  completion, 
reac t ive  t h a t  it w a s  necessary t o  moderate t h e  reaction'by using t h e  amine 
hydrochloride s a l t s  s ince  the  reac t ion  with t h e  free t e t r a m i n e s  w a s  so 
vigorous t h a t  insoluble  products were obtained, 
prepared i n  t h i s  manner were apparently i d e n t i c a l  with *hose prepared by 
procedures A and B, 
allow the  react ioni  
or ide  w a s  so On t h e  contrary,  t h e  d iacyl  
Once again, t h e  polymers 
PROPERTIES 
A summary of the  polymers which were prepared has been given i n  Table I. 
The i n t r i n s i c  v i s c o s i t i e s  c i ted were not necessar i ly  optimum, but should 
be CQnSide3red as t y p i c a l  values s ince some o f  t h e  polymer compositions were 
prepared a number of Limes  and the viscos i ty  l e v e l s  were varied, It; should 
be noted t h a t  polymers with i n t r i n s i c  v i scos i t i e s  as low as 0,40 could be 
used f o r  the f ab r i ca t ion  of sa t i s f ac to ry  films by. solvent-casting techniques,  
TABLE I 
' ,  SOLUTION PROPERTIES OF IPOLYRMIDE PRECURSORS OF POLYIMIDMOPYRROLONES 
Mole culard 
Methodb Solvent 
_I___ 
Polymer" 
PMDA-DAB B DMAc 
I 
PMDA-TADPO A DMAc 
PMDA-T ADPM A DMAc L 
PNDA-TABP A DFII" 14 300 
BTD A-D AI3 A . DW Y 
BTDA-T ADP0 A &  DMAc 14,700 
BTDA-TADPM . A DWAc O e 7 2  
BTDA-T ABP A DMY .43 13,800 ' 
aPB¶DA - IPyrornellitic dianhydride; BTDA'!- 3930 ,b'-benzophenone 0 
te t racarboxyl ic  dianhydride; DAB - 303g-diaminobenzid 
TADPO - 3930 ,4,4'-teLranminodiphenyL e ther ;  TADPM - 
3%3O ,4,~4'-Letraaminodiphenyl methane; TABP - 3$3O $4 $4'- 
tetraruninobenzo-phenoner 
bProeedul-e A - Dianhydride 8 t e t r a m i n e  
Procedure B - Disnhydride f LetraamfneLet~ahydrochloride 
CLntr insic  v i scos i ty  Sua t h e  spec i f ied  solvent at 25OCO 
I 
The 
: efven in 
i 
. .  
, : 
$$.“ 
- TABLE fI - ‘f ‘1 
POLYIMIDAZOPYRROLONE REPEAT UNITS 
. .  
BTDA-DAB 
, 
The tensile properties of a number of polyimidazopyrrolone 
given in Table IZII I , 
fibs are , 
! 
TYPICAL TENSILE PRCPEZT 
Polymer b 
. PMDA-DAB 
I , 
PMDA-DAB~ 
~ PMDA-TADPO 
PKD A-T ADPM 
PMD A-TABP 13 9 300 2.6 593,000 Yellow 
BTDA-DAB 20 , 300 403 601,000 Red I 
BTD A-T ADP0 18 ,goo 308 627,000 Red-orange 
I 
I 
I 
Yellow 
BTDA-TABP E2 * 000 3.1 lig8,ooo Yellow 
BTDA-T ADPM 9 9700 109 599,000 
&Films cas t  from amide solvents  onto g l a s s  p l a t e s ,  dr ied and cured 
i i n  a i r  at l25OC/l h r , ,  200°/1 h r c  and 300°/1 hr ,  
thicknesses ranged from 0,7 - l c O  m i l s .  F ina l  film 
. . bSee Table 1 f o r  explanation of abbreviations,  
' 
. DAB (procedure B) , 
CPolymer prepared u t i l i z i n g  PMDA and tetrahydrochloride 
The mechanical propert ies  ind ica te  general  t rends for 
Considerable var ia t ion  i n  f i l m  qua l i t y  were compositions, 
salt of 
the s t r u c t u r a l  
observed, even 
from one film t o  another from the  same polymer solut ion;  nevertheless,  the  
t e n s i l e  s t rengths  were usually excel lent  while t h e  tangent moduli were 
qu i t e  high and the  elongations were consis tent ly  lowo 
s t i f f n e s s ,  t h e  l a t t e r  two values were qui te  i n  l i n e  with the expected 
r i g i d ,  ladder-l ike polymer s t ruc tu res  although an undetermined amount of 
crossl inking w a s  believed t o  be present i n  the  cured, imidazopyrrolone 
polymers; The moduli of 950,000 p s i  for the PMDA-DAB composition and 
h98,ooo psi for t h e  BTDA-TABP f i l m s  may r e f l e c t  t h e  t h e o r e t i c a l  r i g i d i t i e s  
t o  be expected fo r  polymer chains containing groups of  seven and four  fused .  
r i ngs ,  respect ively,  
of conjugation i n  the  fused r ing  s t ruc tu res ,  those based on PMDR being 
darker than those derived from BTDA, 
A s  a measure of chain 
' 
The colors of t h e  fi lms also emphasized the extent  
The film proper t ies  were found 't;o be qui te  independent of t h e  conversion i 
(curing)  atmosyhere s ince no sign!ficant difference was observed when the 
ul t imate  curing temperature exerted a myked influence on t h e  mechanical 
and m o d ~ u s ,  together  with a corresponding decrease i n  elongation, as the  
ultimate conversion t a p e r a t w e  was increasedo 
f i lms were cured i n  air, nitrogen or in- 
proper t ies ,  The data i n  Table I V  indieate a general  increase i n  s t rength  
On t h e  other  hand, the ! 
I 
I 
I 
I 1  , ' 
T B L E  IV 
EFFECT OF C*URIMG TEWERATUI% ON FILM' PR 
P o l p e r  Mod.ulus p Elongation 
. Strtieture (Percent) 
i ' BTDA-TADPO I 150°/1 hr 11,l 16a3 509 ! 5.4 
' BTDA-TADPO 225O/1 h r  13.1 17a1. 545 4.1 
BTDA-TADm 300°/1 h r  14,7 ' 18,9 627 308 
a A l l  samples from single sheet  of 1-mil fi lm, ' 
was 
( 0 ,  
The r e t en t ion  of t e n s i l e  proper t ies  of films a t  elevated temperatures 
exce l len t ,  The r e s u l t s . g i v e n  i n  Table V show t h a t  PMDA-DAB f i l m s  
6 m i l )  r e t a ined  over 65% of the' ir  room temperature t e n s i l e  s t r eng th  
when t e s t e d  a t  2OO0C i n  air,, 
temperature was increased from 100' t o  2OO0C is suggestive of some measure 
of crossl9&ed s t r u c t u r e  P 
The r e t en t ion  of elongation when t h e  t e s t  
TABLE V 
EFFECT OF TEMPERATURE ON TENSILE PROPERTIES OF PMDA-DAB  FILMS^ 
Testing Yield , Tensi le  Elongat ion Tangent 
, (Percent)  Modulus (psi) 
857,000 -- 25OC ' 12,900 17,000 2,8 
LOO0 c 9 O8Oo 15,800 307 713,000 
526,000 
_/- - 
200° c 7,400 11,500 3 b 7  
8Filrns were precured at 225OC fo r  1 houro 
I Our previous work on t h e  polyimldazo~yrrolones2 disclosed t h e  remark- 
! able r e s i s t ance  of the  polymer fi lms t o  degradative effects of ionizing 
Additional study of t h i s  property radia%ion both i n  a i r  and i n  vacuumo 
- ihas extended the  inves t iga t ion  t o  more severe exposure l e v e l s ,  The da ta  
~ i n  Table V I  i nd ica t e  that although some degradation may have begun after 
; 21,000 megarads of 3 MeV e lec t rons ,  t h e  t e n s i l e  proper t ies  qf t h e  f i lms 
i after t h e  extreme close of 58,000 megarads were still nearly equivalent t o  
:%he i n i t i a l  v83wso 
1 
1 
2 
$ TABLE V I  
5 z'? 
. .  EFFECT OF RADIATIOR ON PI4DA-D.A-B FZLi&jSa 
Yield Tangent 
' Dose, (Mr)' Strength (psi) Modulus (ps i  
I 
0 13 9 300 16 700 3*2 811,200 
I 1,100 14 , 200 4.5 . 883,000 
. I  
lb,bOO 
I f  ,000 14,600 
1 21,000 15,600 
58 300 12,500 
309 8ag,000 
3.1 891,000 
3.3 9a8,oOo 
24 7 826 000 8 1  
* I  
/ I  
1 aFilrns converted a t  3OO0C i environment temperature during I 
i r r a d i a t i o n  was approximately 25OoC, 
! 
i '3 MeV e lec t rons  at a dose rate of  5,500 megarads (Mr) 1)3r hoi:r. 
The r e l a t i v e  thermal s tabi l i t ies  of t h e  e ight  polymer compositions 
1 (Table 11) were .measured by means of themogravimetric analysis  (TGA) 
The specimens tested were 2,O milligram portions o f  0,6-1,0 m i l  films 
which had been cured at up t o  3OO0C f o r  one hour, Figure 1 shows t h e  
when heated i n  air, The sh,aded area  within t h e  two boundary curves contain 
t h e  TGA curves f o r  a l l  eight  of t he  compositions s tudied,  It w a s  concluded 
t h a t  t h e  e f f e c t  of s t ruc tu re  on thermal (oxidat ive)  s t a b i l i t y  was moderate, 
with a difference of only 4O-5O0C separating t h e  temperatures of maximum 
rates of weight loss1 
I weight loss  vse temperature re la t ionship  f o r  t he  polyimidazopyrrolones 
. 
Figure 2 shows the weight loss  behavior of t h e  same e ight  polyimidazo- 
: TGA curves f o r  a l l  e ight  combinations have been encompassed within t h e  
' bounds of t h e  shaded areao 
pyrrolones when they were heated i n  vacuum ( t o r r )  , Once again, the  
One unusual fea ture  o f t h i s  f igure  i s  t h e  sur- 
pr i s ing  reversa l  of s t a b i l i t y  which was noted for  the BTDA-TABP polymer, 
While it displayed t h e  g rea t e s t  s t a b i l i t y  when heated i n  a i r ,  it was found 
. t o  be the least s t a b l e  when heated i n  a vacuum enviroment ,  
There were indicat ions t h a t  t he  f u l l y  converted polyimidazopyrrolones . 
. formed a loosely hydrated s t ruc tu re ,  Figure 3 shows t h e  weight loss as a 
O e 7  m i l  PMDA-DAB film, cured at  35OoC f o r  two hours 
(c.) cooled from LOOo t o  25O, and (4)  maintained at 2500 
w a s  cycled i n  a i r  , 
' through four  stages:  
i 15 minutes i n  duration, 
1 upon cooling i n  air and an equally f a c i l e  loss  of the same amount of water 
: upon reheat ing t o  100' 
' f u r t h e r  supported by elermental analyses and vapor phase chromatography of i 
(a) heated from 25 t o  100°C, (b)  maintained a t  looo, 
Each stage w a s  
The f igure  ind ica tes  a ready gain of 7 percent 
The' t h e o r e t i c a l  parcen'cage of water for [PMDA-DAI3]= 
' :  2H20 i s  9 percent,  The formation of a weakly cojplexed dihydrate was 
trapped volatiles, . 
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